ABSTRACT To cope with the conflict between the increasing data traffic demands and scarcity of available spectrum resources in wireless networks, multi-tier heterogeneous networks within the same spectrum have been considered to be deployed to provide higher network capacity. However, the spectrum-coexist leads to serious interference. This paper investigates a novel interference alignment (IA) scheme assisted by deviceto-device (D2D) communication (DaIA) under a multiple-input multiple-output Gaussian interference broadcast channel heterogeneous scenario. We focus on a hotspot area of communication within the macro cell coverage in which there are two small cells. There is already existing IA algorithm for the case that macro cell base station (BS) has two users. In this paper, we consider different setting that macro cell BS can serve more users. First, as an important aspect of IA, the feasibility conditions for the considered scenario are presented. It acts as a guideline to design the IA scheme. Then the DaIA scheme is proposed to efficiently manage the co-tier interference and inter-tier interference with the reduced channel state information (CSI). Specifically, the proposed DaIA scheme jointly designs precoders and receive filters in closed-form in which the paired users can directly interact with the CSI of interfering channels to design their receiving filters by exploiting D2D communication. Thus the total amount of effective CSI feedback acquired at the BS is greatly reduced. Moreover, we analyze the achievable degrees of freedom of the proposed DaIA scheme. Finally, for the small cells, the precoders and receive filters are further optimized to maximize their achievable rate by combining the water-filling algorithm and the singular value decomposition of the equivalent channel matrix. The simulation results indicate that the proposed DaIA scheme outperforms the conventional interference mitigation schemes.
I. INTRODUCTION
To meet the explosively increasing data traffic demands in the fifth generation (5G) cellular network, which has been predicted to have a 1000X increase in terms of capacity in the coming years [1] , multi-tier HetNets have been widely considered to be deployed as a potential technology for 5G networks [2] - [3] . Some small-cell facilities, such as pico base stations (BSs), femto BSs, some relay nodes and wireless access points (APs), are densely deployed to improve the coverage of hotspots [4] . Meanwhile, the transmission speed of the wireless networks is significantly increased due to the higher frequency spectrum sharing. However, it brings in serious interference. In HetNets, the interference can be classified as two classes: co-tier interference (CTI) and intertier interference (ITI). Thus the efficient and low-complexity interference mitigation techniques are of paramount importance to tackle the interference in two-tier networks.
There are plenty of ways to mitigate interference such as frequency-division multiple access (FDMA) [5] , time-division multiple access (TDMA) [6] , Coordinated Multi-Point (CoMP) [7] , enhanced inter-cell interference coordination (eICIC) [8] and IA, etc. In FDMA and TDMA, each user can use the partial resources (frequency or time) of wireless network free of interference, the achievable rate of this ''cake-cutting'' scheme is far below the capacity of networks [9] . CoMP is that the BSs in different locations collaborate to convert inter-cell interference into the useful signal, which requires the global CSI and might lead to high signaling cost. However, to balance the cost and gains of the system might be a problem [10] . eICIC introduces the concept of Almost Blank Subframe (ABS) to reduce the inter-cell interference. However, it brings some problems that BS might fail to schedule users, and the interference between physical downlink control channels is difficult to be coordinated [11] - [12] . As a promising technique, IA can efficiently manage the interference in wireless networks by aligning the interference signals in a particularly reduced dimensional subspace which is orthogonal to the desired signals subspace. Hence, the more dimensions can be used for the desired signals transmission. The reference [13] showed that K/2 degrees of freedom (DoF) can be achieved by using IA in the K-user time-varying interference channel. In addition, multiple-input multiple-output (MIMO) technique has been widely applied to obain significant performance gain in wireless networks. The remarkable benefits have inspired many works to investigate IA with MIMO antennas.
As shown in [14] - [21] , many works about IA with MIMO antennas have been investigated to effectively mitigate the CTI and improve the system performance in traditional networks. However, in HetNets, owing to the differences between different tiers in terms of sizes, transmission power levels and equipped antennas, the design of IA schemes is more challenging than traditional networks. There are some papers on IA in HetNets [22] - [26] . In [22] , a two-stage IA scheme and its extension for the two downlink scenarios of MIMO HetNets were presented to mitigate the CTI and ITI, which utilizes the heterogeneity and partial connectivity of HetNets. Focused on the uplink of HetNets, Sheng et al. [23] proposed an interference alignment and cancelation (IAC) scheme to maximize the number of data streams with specific constraints. In [24] , Halima and Saadani proposed several joint clustering and scheduling IA schemes which try to reach a tradeoff between the system capacity and users fairness. By exploiting the IA technology and wireless network virtualization, Wang et al. [25] provided a novel two-step algorithm to improve the sum-rate of system in Virtualized Heterogeneous Cellular Networks with discrete stochastic approximation (DSA). In [26] , based on the access modes of the small cell, a hierarchical IA (HIA) scheme was proposed to provide a tight outer bound of DoF and improves the sum-rate of system. However, for practical consideration, as the number of users increases in the above IA schemes, the substantial CSI feedback overhead is required to enhance the system performance. Authors of [27] - [29] have proposed some IA schemes with reduced CSI to deal with the CTI and ITI. In [27] , a IA and space-frequency block codes (SFBCs) combined scheme was proposed to allow the coexistence of macro cell and small cells with minor information exchange in which there are no need for small cells to exchange the inter-tier CSI. In [28] , Sharma et al. investigated several types of IA schemes for underlay spectral coexistence of HetNet. Considering the different levels of cooperation, Castanheira et al. [29] designed the cognitive precoding schemes under a limited inter-tier information exchange.
In recent years, D2D as a key technology in 5G has emerged as a potential technique to improve the system performance, enhance the user experience and expand the application prospects of cellular communication [30] . Moreover, the matched multiple users can directly interact with CSI to design their receiving filters with the help of D2D technique, so that the terminals can feed back the reduced effective CSI to the BSs. Compared to the case of knowing all the users' channel matrices at the BS, the feedback overhead is greatly reduced.
In this paper, focused on a hotspot area of communication within the macro cell coverage in which there are two small cells access points (APs), we propose a novel DaIA scheme to effectively mitigate the CTI and ITI assisted by D2D communication. The major contributions of this paper can be listed as follows.
• Interference is a major barrier that restricts the performance of HetNets. IA is a promising technique to effectively mitigate interference. As we all know, the feasibility analysis is an important aspect for IA. In this paper, we present the feasibility conditions in the considered heterogeneous scenario. Specifically, the relationship between the number of antennas, the number of data streams and the number of users is given.
• Assisted by D2D communication, we propose a novel DaIA scheme to manage the interference with the reduced CSI, which can support more macro cell users by making full use of the special structure of square channel matrix compared with the existing IA scheme in [26] . Moreover, based on the number of macro cell users, the proposed DaIA scheme is divided into two cases to efficiently utilize the dimensions of signal space in which users are grouped to jointly design precoders and receive filters in closed forms.
• For the small cells, we further optimize the precoders and receive filters to maximize their achievable rate by combining the water-filling algorithm and the SVD of equivalent channel matrix. We present the achievable DoF of the proposed scheme and also demonstrate our scheme outperforms the conventional interference mitigation schemes. The rest of this paper is organized as follows. In section II, we briefly introduce the system model of a two-tier HetNet focused on a hotspot area of communication under MIMO-IFBC. The feasibility conditions of IA in this scenario are derived in section III. In section IV, we propose a novel DaIA scheme in closed forms to manage the interference and we also analyze its achievable DoF and further optimize the performance of small cells. The simulation results are presented in section V. Finally, section VI draws the conclusions of this paper.
Notations: Uppercase boldfaces, lowercase boldfaces and normal letters denote matrices, column vectors and scalars, respectively, such as X, x and x. C M ×N represents the space of complex M × N matrices.
H , · and Tr (·) stand for the inversion, the transpose, the conjugate transpose, the Frobenius norm, and the trace of a matrix, respectively. x is the largest integer not greater than x. I m denotes the m × m identity matrix. 0 m×n denotes the m × n zero matrix. span (X) stands for the space spanned by the columns of matrix X, and null (X) denotes the nullspace of matrix X. E (·) represents the expectation of matrix.
II. SYSTEM MODEL
As shown in Fig.1 , we consider a hotspot area of communication within the macro cell coverage in which there are two small cells. Specifically, we consider the two-tier HetNet assisted by D2D communication based on MIMO-IFBC. Due to the limited spectrum resources of cellular networks and the requirement of the communication services to the high bandwidth, we assume that macro and small cells use the same frequency band while D2D links work in frequency band different from the cellular network. For a typical configuration, BS with M 0 antennas in the center of macro cell serves K (K ≥ 2) users (user 1, · · · , user K , it is also called ''MUE'') which are randomly placed closer to small cells. Each small cell AP (AP 1 or AP 2) with M antennas serves one user (user K + 1 or user K + 2, it is also called ''SUE''). Moreover, all users are equipped with M antennas. For simplicity and clarity, BS and APs are denoted by BS i (i ∈ {1, 2, 3}). M i represents the number of antennas at BS i. BS ϑ (j) transmits Ns j data streams to its intended user j (j ∈ {1, 2, · · · , K + 2}), where ϑ (j) is the index (i.e., 1,2,3) of transmitter corresponding to the user j.
Accordingly, the transmit signals intended to user j can be expressed as
where V j ∈ C M ϑ(j) ×Ns j is the precoder of BS ϑ (j) for the user j and s j ∈ C Ns j ×1 is the transmitted data streams for user j.
The precoder can be written as
Ns j j and the transmitted data streams can be denoted as
Note that the column vectors of V j satisfy the unit norm constraint and the total transmission power for user j at BS ϑ (j) is
where P j is the power allocation diagonal matrix and its diagonal elements denote the transmission power of the corresponding data stream of user j. The receive signals of user j can be represented as
where ρ j ϑ(k) is the large-scale channel fading from BS ϑ (k) to user j. n j ∈ C M ×1 is the circularly symmetric additive white Gaussian noise vector with zero mean and variance δ 2 per entry at user j.
is the channel matrix from BS ϑ (k) to the user j and its per entry is drawn from independently and identically distributed variable according to CN (0, 1). The desired signal received at user j can be obtained by a receive filter U j ∈ C M ×Ns j .
where the receive filter can be written as
Ns j j . Therefore, the achievable rate for user j can be calculated as (5) , as shown at the bottom of this page.
III. THE FEASIBILITY CONDITIONS OF IA
In this section, we investigate the IA feasibility conditions of the considered two-tier HetNet on the basis of the previous works [31] - [32] . It is generally known that the feasibility conditions are vital to the IA. In [31] - [32] , the feasibility conditions of IA have been well presented for different systems. For a K-user MIMO interference channels network, the feasibility of IA in signal vector space has been explored in [31] . According to the Bezout's theorem, the system can be divided into two categories: proper systems and improper systems, which is decided by the comparation of the number of variables and the number of equations for all subsets of multivariate polynomial equations. Liu and Yang [32] analyze the feasibility for MIMO-IFBC with constant coefficients, in which the necessary conditions are posed for general MIMO-IFBC and the necessary-sufficient conditions are proved for a special class of MIMO-IFBC. Based on the above conclusions of IA feasibility, we derive the feasibility conditions of the considered scenario as follows.
In order to achieve IA and allow users to efficiently detect the desired signals, the following conditions must be satisfied by the considered scenario
where condition (6) assures that the received interference of user j is aligned into the interference subspace, and condition (7) guarantees that the desired signal subspace has Ns j dimensions which can be automatically satisfied if there is no any special structure about the channel matrices. In this paper, we assume that all users transmit the same number of data streams (Ns j = Ns). Based on [31] - [32] , if our IA scheme is feasible, the following condition should be satisfied to make sure that each receiver has enough space to recover the desired signal and mitigate the interference, 
where ''users in j'' denotes an arbitrary subset of the users in cell j. I = {1, 2, 3} represents the set of cells and Ns i is the transmitted overall data streams in cell i. The condition (8a) assures that BSs have enough antennas to transmit the data streams to its intended users (i.e., the transmission is immune to the multi-user interference) and users have enough antennas to receive its Ns data streams (i.e., the transmission is immune to the inter-data stream interference). The condition (8b) makes sure that the number of variables is not less than the number of equations for all subsets of the equation (6), which is a proper condition of the IA feasibility according to the definition of [31] .
As a result, the necessary conditions of IA feasibility can be obtained as condition (8) . It can act as a guideline to design the IA scheme.
IV. THE PROPOSED DAIA SCHEME
In this section, on the basis of the above discussion, we propose a novel DaIA scheme by taking full advantage of the square channel matrices from the APs to the MUEs. The proposed scheme can effectively mitigate the CTI and ITI with the reduced CSI, which is composed of two cases, i.e., the value of K is even or odd. We analyze the achievable DoF of the proposed DaIA scheme. Moreover, for the small cells, we further optimize the precoders and receive filters to maximize their achievable rate by combining the waterfilling algorithm and the SVD of equivalent channel matrix. The details of this DaIA scheme are described as follows.
A. THE VALUE OF K IS EVEN
Step 1: Grouping the users and sharing the CSI of interfering channels among the paired users
As shown in Fig.2 , users in pairs in the macro cell are divided into different groups. Specifically, we denote the user 2j − 1 and user 2j in the macro cell as group j, where j ∈ {1, 2, · · · , K /2}. In addition, the user K and user K + 1 in small cells are collectively treated as group K /2+1. Group j is associated with BS 2 and BS 3 while group K /2+1 jointly FIGURE 2. The proposed scheme with K of even number.
designs the receive filter to align the ITI to the same subspace. In order to reduce the CSI feedback overhead, we have the aid of D2D communication to share the CSI of interfering channels among the paired users. Even further, the paired users in our scheme collaboratively design the receive filter by exploiting D2D communication to exchange interfering CSI.
Step 2: Designing the receive filters of all the users For the group j, we design the receive filters U 2j−1 ∈ C M ×Ns and U 2j ∈ C M ×Ns to align the ITI from BS 2 and BS 3 into the same subspace, which is achieved by exploiting the sharing CSI in the step 1. Thus the following conditions should be satisfied:
since the above channel matrices are M × M matrices which are invertible, according to (9) and (10), we can derive
This is a generalized eigenvalue problem. By solving it, the receive filters for user 2j − 1 and user 2j can be obtained as follows:
where u m 2j and u m 2j−1 are the m-th column vector of the matrix U 2j and U 2j−1 , respectively.
For the group K /2 + 1, the receive filters of the user K + 1 and user K + 2 are designed to align the ITI from BS 1 into the same subspace. According to the equation (19) in [7] , this idea can be achieved by the following equation.
Here, we can calculate the same subspace which satisfies the above condition (14) by solving the following matrix equation:
where G ITI accounts for the intersection subspace which represents the direction of aligning interference from BS 1. We can find that the size of the matrix A is 2M 0 ×(2M + M 0 ). Hence, the matrix X is solvable if and only if (2M + M 0 ) > 2M 0 , i.e., the matrix A has null space spanned by the column vectors of the matrix X. Furthermore, due to rank(U) = Ns, we have
However, in this paper, we adopt another way to achieve it which reduces computational complexity. That is
where the condition (17) is just sufficient condition that aligns the interference into the same subspace. It can be solved as follows.
when the equation is solvable, the necessary condition is the same as the condition (16) .
Remark : When the paired users can share the CSI of interfering channels by D2D, the proposed IA scheme will require much less CSI feedback compared to IA schemes in [13] , [22] , and [26] . For example, the user 1 needs to feed back the full CSI by implementing the above IA scheme, i.e., H 1 1 ∈ C M ×M 0 and H 1 b ∈ C M ×M (b ∈ {2, 3}). However, the proposed DaIA scheme only has to feed back the effective CSI to the corresponding BS by utilizing the receive filters designed in step2, i.e., {2, 3}) . According to the condition (8a), we can conclude that the value of Ns is smaller than M and M 0 . Thus the total amount of effective CSI feedback acquired at the BS is greatly reduced.
Step 3: Feeding back the effective CSI to BS and designing the precoders of all the BS Each user feeds back the effective CSI to its corresponding BS through the uplink feedback links. In order to mitigate the interference, we enable the BS to transmit on the null space of equivalent channel matrices from the BS to its noncorresponding users by exploiting the feedback CSI. Therefore, the precoders should satisfy the conditions (19)- (21), as shown at the bottom of previous page.
In order to guarantee that the conditions (19)- (21) are feasible and satisfy rank(V) = Ns, we can obtain
B. THE VALUE OF K IS ODD
As shown in Fig.3 , when the value of K is odd, the design of the proposed DaIA scheme is similar to the case that the value of K is even. As a result, the detailed steps are same as the case that the value of K is even. For simplicity, next, we just describe the differences. 1) Grouping the users in the macro cell Similarly, users in pairs in the macro cell are grouped. We denote the user 2j − 1 and user 2j in the macro cell as group j, where j ∈ {1, 2, · · · , (K − 1) /2}. For the user K , it is not included in any group.
2) The design of receive filters Besides the user K , the receive filters of other K + 1 users are designed in the same way as step 1. However, for the user K, we pick randomly its filter as U K ∈ C M ×Ns , and it satisfies rank(U K ) = Ns. 3) The design of the precoder By constructing the precoder V k ∈ C M ϑ(k) ×Ns (k ∈ {1, 2, · · · , K + 2}), we enable BS to transmit on the null space of equivalent channel matrices from the BS to its noncorresponding users to mitigate the CTI or ITI in the system. Therefore, we have the condition (23)- (24), as shown at the bottom of this page. Moreover, the design of the precoders about BS 1 is the same as condition (21) .
Similarly, in order to guarantee that the conditions (21), (23) and (24) are feasible and satisfy rank(V)= Ns, we can obtain
C. THE ANALYSIS OF ACHIEVABLE DOF
The DoF is the key metric for evaluating the system performance in MIMO systems [15] . We define the DoF as the number of the transmitted data streams which can be decoded by the intended user [33] . In this subsection, we analyze the achievable DoF of the proposed DaIA scheme. It is conducive to verify the system performance. By exploiting the conclusions of subsection A and B, we can obtain the relationship between the number of antennas and DoF, i.e.,
Therefore, the achievable total DoF of the proposed DaIA scheme can be represented as follows.
D. THE PERFORMANCE OPTIMIZATION OF SMALL CELLS
For the users in small cells, they are not interfered by the co-tier or inter-tier BSs by utilizing the precoders and receive filters. Accordingly, we can consider each link in the small cells as the following equivalent channel matrix, which can be seen as a point-to-point MIMO channel.
Then we can obtain the unitary matrices to optimize the previous precoders and receive filters by using the SVD of equivalent channel matrix H k ϑ(k) . It can be expressed as:
where V k ∈ C Ns×Ns and U k ∈ C Ns×Ns denote the unitary matrices of the SUEs. k is a diagonal matrix. Therefore, the optimized precoder and receive filter can be represented as
Based on this, the water-filling algorithm is applied to improve the rate of SUEs, i.e., according to the communication conditions of each subchannel, the total power is properly allocated to each subchannel to maximize the achievable rate [22] .
where µ denotes the water-filling level and depends on the total transmission power constraint
+ represents max (a, 0). P noise stands for the noise power, and λ m is the m-th eigenvalues of equivalent channel matrix, i.e., the square of diagonal elements of k .
V. SIMULATION RESULTS
In this section, a downlink MIMO-IFBC HetNet system is simulated with K MUEs and 2 SUEs. First, we validate the achievable DoF and sum rate of the proposed DaIA scheme through simulation. Then we compare the performance of the proposed scheme and two conventional interference management schemes, i.e., time division multiple access with zero-forcing scheme (TDMA+ZF) and random beamforming combining with zero-forcing scheme (RBF+ZF), in terms of the sum rate, DoF and antenna utilization. This two conventional interference management schemes are considered as below.
• In the TDMA+ZF scheme, the transmission of data streams is performed in three time slot which guarantees that there is no inter-cell interference. In the first two time slots, BS 2 and BS 3 perform the transmission of data streams, respectively. Each AP transmits M data streams to its intended users. In the third time slots, BS 1 can transmit the total K M 0 K data streams to its K users using ZF technique.
• In the RBF+ZF scheme, the precoders are picked randomly and the receive filters are generated by ZF technique. For simplicity, we consider the independently and identically distributed Gaussian channel model and large-scale channel fading gain is assumed to be one. The transmit power of macro cell BS and small cell APs is set at 43dBm and 30dBm, respectively. The practical simulation parameters are detailedly showed in Table 1 [22] , [26] . Additionally, we adopt the equal power division for each data stream in the above schemes, while the optimized power division is carried out in the small cells for the optimized DaIA scheme (i.e., DaIA with opt.). We use the minimum number of the antennas which depends on the number of the transmitted data streams.
In Fig.4 , the achievable sum-rate capacity of the proposed DaIA scheme is shown with different K as a function of SNR when Ns = 2. We can observe that the sum-rate capacity of the optimized scheme (DaIA with opt.) is clearly higher than the initial scheme (DaIA). This is because we improve the total capacity of small cells by combining the water-filling algorithm and the SVD of equivalent channel matrix in the optimized scheme. We also make a vertical comparison with different K (i.e., K=2,3,4). The achievable DoF of the system in these three cases is 8, 10 and 12, respectively. Accordingly, we can conclude that the total capacity of the system linearly grows with the achievable DoF. 5 shows that the achievable sum-rate capacity of the proposed DaIA scheme and TDMA+ZF versus the SNR for the specific configuration K=4. Here, the concrete configuration of system is (M ,M 0 ,Ns)=(8,10,2) and (M ,M 0 ,Ns)=(4,5,1). As shown in the figure, we get that the proposed DaIA scheme outperforms the TDMA+ZF in terms of the achievable DoF and sum rate in the same antennas number of M. In the configuration of M=4, M=8, DaIA can achieve 6 and 12 DoF while TDMA+ZF achieves 4 and 8 DoF. Obviously, the proposed DaIA scheme obtains higher performance gain.
For the RBF+ZF scheme, the changes of the number of antennas with DoF are not consistent with the proposed scheme. Thus we compare the antenna utilization of two schemes when DoF is same. Fig.6 shows the minimum antennas number of M versus the number of MUEs (K) under different configuration of Ns=1 and Ns=2. As shown in the figure, when the same DoF is achieved in this two schemes, the proposed DaIA scheme need fewer antennas and has higher antenna utilization. This is because the interference is efficiently aligned into a reduced subspace in our scheme, and space utilization is greatly improved. Thus the required number of antennas is decreased when the achievable DoF is same.
VI. CONCLUSION
In this paper, we have investigated a novel DaIA scheme for a given downlink MIMO-IFBC heterogeneous scenario. We firstly derived the feasibility conditions of IA for the considered scenario. Then, assisted by D2D communication, the design of the proposed IA scheme has been discussed in two cases, i.e., the value of K is even or odd. We analyze the achievable DoF of the proposed DaIA scheme. Moreover, in order to further improve the achievable sum-rate capacity of the system, we adopt the water-filling algorithm and the SVD of equivalent channel matrix to redistribute the power of each data stream in the small cells. Finally, from different perspectives, we compare the performance of our scheme with TDMA+ZF and RBF+ZF scheme. The simulation results show that the proposed scheme has a higher sum-rate capacity and antenna utilization than conventional interference mitigation schemes. The proposed DaIA scheme can align two small cells for macro user groups by utilizing the special case that channel matrices between small cell APs and MUEs are square. In the future, we will study more general scenerio which can efficiently use non-square channel matrix and support more small cells. His research focuses on satellite communication, radio resource management in telecommunication system, Internet of things, intelligent transportation, cognitive radio, and mobile terminals.
